Ultraviolet light (UV) induced DNA lesions eciently block transcript elongation and induce the p53 response. Although p53 contributes to transcriptional activation of the p21 waf1 and bax genes, accumulation of these proteins requires that these genes are free of UV induced pyrimidine dimers. We assessed the level of expression of p53 and the p53 regulated p21 waf1 and bax gene products in normal diploid ®broblasts (NDF) and several nucleotide excision repair de®cient ®broblasts following UV-irradiation. At low UV¯uences, increased expression of p53, p21 waf1 and bax was only observed in ®broblasts de®cient in transcription coupled repair (TCR). Whereas p53 protein levels increased in all cell types at high UV¯uences, p21 waf1 levels initially decreased and then recovered in a manner dependent on TCR. At later times, expression of p21 waf1 and bax was only elevated in TCR-pro®cient cells. The lack of TCR strongly correlated with an enhanced induction of apoptosis. Furthermore, we assessed the eect of modulation of the p53/p21 waf1 /pRb pathway on clonogenic survival following UV irradiation. Expression of E2F-1, E2F-4, and the large tumour antigens of SV40 and Polyomavirus conferred UV sensitivity to NDF whereas p21 waf1 protected cells against UV treatment. We propose that the¯uence dependent attenuation of protective functions of p53 by blockage of transcription favours apoptosis following UV exposure.
Ultraviolet light (UV) induced DNA lesions eciently block transcript elongation and induce the p53 response. Although p53 contributes to transcriptional activation of the p21 waf1 and bax genes, accumulation of these proteins requires that these genes are free of UV induced pyrimidine dimers. We assessed the level of expression of p53 and the p53 regulated p21 waf1 and bax gene products in normal diploid ®broblasts (NDF) and several nucleotide excision repair de®cient ®broblasts following UV-irradiation. At low UV¯uences, increased expression of p53, p21 waf1 and bax was only observed in ®broblasts de®cient in transcription coupled repair (TCR). Whereas p53 protein levels increased in all cell types at high UV¯uences, p21 waf1 levels initially decreased and then recovered in a manner dependent on TCR. At later times, expression of p21 waf1 and bax was only elevated in TCR-pro®cient cells. The lack of TCR strongly correlated with an enhanced induction of apoptosis. Furthermore, we assessed the eect of modulation of the p53/p21 Introduction Nucleotide excision repair (NER) removes ultraviolet light (UV) induced DNA damage as well as bulky lesions induced by a variety of genotoxic agents (reviewed in Freidberg et al., 1995) . Cells derived from individuals with xeroderma pigmentosum (XP) and Cockayne's Syndrome (CS) are sensitive to UV exposure and are characterized by speci®c DNA repair defects. UV induced dimers, cyclobutane pyrimidine dimers (CPD) and pyrimidine (6-4) pyrimidone dimers (6-4PP), in the template strand of active genes block transcription (Sauerbier and Hercules, 1978; Mayne and Lehmann, 1982; Donahue et al., 1994) . A specialization of NER, transcription coupled repair (TCR), rapidly removes lesions from the template strand of active genes to allow transcription (Mellon et al., 1987) . CS cells are de®cient in TCR whereas XP-C ®broblasts are reduced in their capacity to repair the remainder of the genome (global genome repair or GGR). Other NER de®cient XP ®broblast strains (XP-A through XP-G except XP-C) are reduced in their capacity to repair UV induced DNA damage by both TCR and GGR (reviewed in Freidberg et al., 1995) . TCR de®cient ®broblast strains (including CS-A, CS-B, XP-A) are unable to restore normal transcription following UV irradiation (Mayne and Lehmann, 1982; Yamaizumi and Sugano, l994, Ljungman and Zhang, 1996) whereas XP-C ®broblasts are as ecient as normal diploid ®broblasts (NDF) in this regard (Yamaizumi and Sugano, 1994) . It has been suggested that TCR allows expression of genes essential for UV survival (Bohr et al., 1985; Mellon et al., 1987) .
The p53 tumour suppressor gene product is the most commonly altered gene in malignancy (Hollstein et al., 1991) . p53 can act as a transcription factor upregulating genes such as p21 waf1 , mdm2 and bax (reviewed in Ko and Prives, 1996) . The antineoplastic eect of p53 is conferred through stimulation of at least three dierent mechanisms: DNA repair (Smith et al., 1995; Wang et al., 1995; Ford and Hanawalt, 1995; Mirzayans et al., 1996; McKay et al., 1997a,b) , cell cycle arrest (Kastan et al., 1991) and apoptosis (Lowe et al., 1993) . Accumulation and increased activity of p53 can occur in response to both strand breaks (Nelson and Kastan, 1994) and persistent UV dimers in the template strand of active genes (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) . Accumulation of p53 at low UV¯uences in XP-A and CS ®broblasts correlates with increased sensitivity to the induction of apoptosis in these cells (Ljungman and Zhang, 1996) . Human ®broblasts lacking wildtype p53 are more resistent to UV induced apoptosis than parental strains (Ford and Hanawalt, 1995) . In vivo, skin of p53 nullizygous mice is resistant to UV induced apoptosis (Ziegler et al., 1994) . Together, these results suggest that inhibition of transcription due to persistent DNA damage promotes apoptosis in human ®broblasts in a p53 dependent manner.
UV induced lesions are formed in proportion to UV uence with a single lesion required to inhibit elongation of transcripts (reviewed in Sauerbier and Hercules, 1978) . Although, persistent UV photopro-ducts in the template strand of active genes induce accumulation of p53 (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) , the ability to transactivate responsive genes might be expected to be attenuated by persistent UV dimers. In order to examine the eect of persistent UV lesions on the expression of p53 regulated genes, we have examined the induction of p53, p21 waf1 and bax in NDF, XP-A, XP-C and CS-A ®broblasts in response to a variety of UV treatments. p53, p21
waf1 and bax levels increased in response to lower UV¯uences in TCR defective ®broblasts, con®rming reports that persistent UV lesions in active genes trigger the p53 response following UV (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) . At higher UV¯uences, despite accumulation of p53 in all cell types, p21 waf1 and bax were not eciently induced and their increased expression positively correlated with TCR, suggesting that ecient repair of active genes is required for transactivation of p53 responsive genes. We propose that the size of p53 responsive genes and the eciency of their repair play a signi®cant role in the regulation of expression of p53 responsive genes following exposure to UV.
Results

High UV¯uences inhibit p21
waf1 and bax expression p53 is thought to act as a transcriptional activator of a set of responsive genes and is strongly induced in response to UV (reviewed in Ko and Prives, 1996) . However mRNA synthesis is inhibited by UV induced DNA damage (reviewed in Sauerbier and Hercules, 1978) . Thus, p53 responsive genes would not be expected to be eciently activated in the presence of extensive DNA damage. To assess the eect of persistent DNA damage induced by UV light on the expression of p53 regulated genes, we have assessed the level of expression of p53, p21 waf1 and bax by Western blot analysis following UV irradiation of NDF, XP-C, XP-A and CS-A ®broblasts (Figure 1) . Following low UV exposures, TCR de®cient XP-A and CS-A ®broblasts have elevated p53, p21 waf1 and bax levels whereas higher UV exposures are required in NDF and XP-C ®broblasts. These results con®rm reports which suggest that persistent UV lesions in the template strand of active genes trigger the p53 response (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) . The small target size of p21 waf1 and bax would lead to less than 10% of cells having DNA lesions in both alleles following irradiation with 5 J/m 2 , compared to 90% of cells for a 50 kbp target (Table 1) . Thus expression of p21 waf1 and bax following a UV exposure of 5 J/m 2 should only be marginally aected by UV lesions even in TCR de®cient ®broblasts ( Figure  1) .
Following 30 J/m 2 , accumulation of p53 was observed in all cell types (Figure 1 ). However, expression of p21 waf1 and bax were not induced in XP-A and CS-A cells, whereas induction was observed in NDF and XP-C ®broblasts after 30 J/m 2 . The inability of XP-A and CS-A ®broblasts to transactivate p21
waf1 and bax following all UV¯uence of 30 J/m 2 is consistent with the reported de®ciency in Figure 1 P53, p21 waf1 and bax expression following exposure to UV. NDF, XP-C, CS-A and XP-A ®broblasts were collected 24 h following UV treatment with the indicated¯uence. The p53, p21 waf1 (p21) and bax proteins were visualized by Western blotting as described in the Materials and methods 73 lesions/kb/J/m 2 ) induces through this range of UV¯uences (Venema et al., 1990a,b; Evans et al., 1993; Van Hoen et al., 1995; Tolbert and Kantor, 1996) and assumes that cells are diploid.
b The waf1 gene is approximately 8.6 kb (GenBank accession no. Z58996). 4.5 kb and 25 kb are the approximate sizes of the bax and mdm2 genes, respectively, based on the published size of the murine genes (Oltvai et al., 1993; de Oca Luna et al., 1996) recovery of RNA synthesis in these cell types (Mayne and Lehmann, 1982; Yamaizumi and Sugano, 1994) . These results suggest that TCR facilitates expression of p53 regulated genes in the presence of high levels of DNA damage. Following 50 J/m 2 , p21 waf1 and bax induction was not observed in NDF, likely due to inecient recovery of mRNA synthesis following this treatment (Zhang et al., submitted manuscript) .
To further examine the eect of persistent UV damage on the expression of p53 regulated genes, we have determined detailed timecourses for p21 waf1 expression in response to UV using a quantitative ELISA assay. This assay yielded very similar results to the Western blot method for comparable time points (compare Figures 1 and 2 at 24 h). Lower UV treatments were sucient to induce p21 waf1 expression in XP-A and CS-A ®broblasts compared to XP-C and normal ®broblasts (Figure 2 protein levels were reduced compared to unirradiated controls (Figure 2 ). The level of p21 waf1 expression in XP-A ®broblasts at 4 and 8 h following UV treatment closely parallels the proportion of cells expected to be capable of expressing p21 waf1 in the absence of DNA repair (Table 1) . This is the ®rst report of an inhibitory eect of UV treatment on p21 waf1 levels. The reduction in p21 waf1 protein levels is likely the result of inhibition of transcript elongation (Sauerbier and Hercules, 1978) and the short half-life of p21 waf1 (Poon et al., 1996) . The time required for recovery of p21 waf1 expression in TCR pro®cient NDF and XP-C ®broblasts (12 h following 30 J/m 2 ) is similar to the time required for complete repair of the template strand of the Ada gene in these cell types following this UV¯uence (Van Hoen et al., 1995) . The delayed recovery of p21 waf1 expression in TCR de®cient CS-A ®broblasts following higher UV¯uence parallels the slower repair of active genes by GGR. These results suggest that TCR facilitates p21 waf1 and bax expression following exposure to high UV uences. Thus at low UV¯uence, initiation of transcription appears to be limiting for p53 regulated gene expression whereas at high UV¯uence repair of transcription blocking lesions appears to be limiting in NDF.
Correlation between transcription coupled repair, p21 waf1 expression and apoptosis Following UV treatments which induce apoptosis in diploid ®broblasts (Ljungman and Zhang, 1996) , ®broblasts detached from the culture dish and accumulated in the medium. Detachment was initially observed between 36 and 48 h following UV treatment, however the proportion of cells collected in the medium increased up to at least 72 h following treatment (data not shown). We took advantage of this observation and a recent report indicating that the proportion of cells collected from the growth medium can be used as a quantitative estimate of apoptosis in ®broblasts (Weissinger et al., 1997) . The use of cell detachment as an apoptosis indicator was evaluated in two ways. Firstly, detached cells were non viable following a UV¯uence of 30 or 50 J/m 2 (5l0% viable) whereas adherent cells remained viable (93 and 94% viable, respectively) as assessed by trypan blue exclusion. Secondly, greater than 80% of detached NDF were apoptotic as assessed by TUNEL staining whereas less than 10% of cells which remained adherent stained TUNEL positive 48 h following these UV¯uences. We then quanti®ed cell detachment in NDF, XP-A, XP-C, CS-A and CS-B ®broblasts ( Figure 3a ). The proportion of detached ®broblasts following UV irradiation yielded strikingly similar results to those reported by Ljungman and Zhang (1996) using both DNA fragmentation and ow cytometry, con®rming that persistent UV lesions in the template strand of active genes promoted apoptosis. Thus, TCR de®cient ®broblasts do not recover RNA synthesis following UV as eciently as repair pro®cient cells (Mayne and Lehmann, 1982; Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) , do not accumulate p21 waf1 protein as eciently as repair pro®cient cells (Figures 1 and 2 ) and undergo apoptosis following exposure to lower UV doses (Figure 3a; Ljungman and Zhang, 1996) .
We then examined whether p21 waf1 expression was elevated in detached ®broblasts following exposure to UV. P21 waf1 protein levels were assessed by ELISA from equal numbers of untreated detached and adherent NDF 48 h following a UV¯uence of 30 J/m 2 . Expression of p21 waf1 was signi®cantly reduced in detached cells compared to adherent cells (P50.05, Figure 3b ). Expression of p21 waf1 appears to be decreased in apoptotic cells and increased in adherent cells (Figure 3b ). These results indicate that p21 waf1 protein levels are not increased in apoptotic cells and suggest that UV induced apoptosis could occur in a population of cells with decreased p21 waf1 protein levels.
Alteration of the p53/p21 waf1 /pRb pathway aects UV sensitivity of normal diploid ®broblasts
The p53, p21 waf1 and pRb proteins make up a cell cycle regulatory cascade which negatively regulates transactivation by the E2F family of transcription factors (reviewed in Beijersbergen and Bernards, 1996) . Since high UV¯uences rapidly decreased cellular p21 waf1 protein levels and since a prolonged reduction in p21 waf1 protein levels correlated with the induction of apoptosis, we explored whether overexpression of p21 waf1 would protect cells from UV exposure. We also investigated whether expression of other transgenes known to disrupt the p53 mediated G 1 arrest pathway would aect clonogenic survival and promote cell detachment following UV treatment. The interaction of the large tumour antigens of both SV40 and polyomavirus (SV40LT and PyLT) with pRb disrupts G 1 arrest mediated through both p53 (Quartin et al., 1994; Doherty and Freund, 1997 ) and p21 waf1 (Harper et al., 1993) . E2F-1 expression overcomes cell cycle arrest in response to both ionizing radiation (DeGregori et al., 1995a) has not yet been assessed for its ability to overcome DNA damage or p53 induced G 1 arrest. In contrast, overexpression of p21 waf1 is sucient to induce G 1 arrest (Harper et al., 1993) .
Clonogenic survival was assessed in NDF infected with recombinant Ad constructs at a multiplicity of infection of 20 plaque forming units/cell expressing SV40LT, PyLT, E2F-1, E2F-4 or p21 waf1 24 h prior to UV challenge. Whereas p21 waf1 expression conferred an increase in resistance to UV irradiation in a clonogenic assay (Figure 4a) , infection of cells with recombinant Ad constructs expressing SV40LT (Figure 4a and b) , PyLT (Figure 4b ), E2F-1 (Figure 4c ) and E2F-4 ( Figure 4c ) decreased clonogenic survival following UV exposure. These results suggest that the p53/ p21 waf1 /pRb pathway aects the sensitivity of NDF to UV irradiation and provide the ®rst evidence for an eect of PyLT, E2F-1 and E2F-4 expression on UV sensitivity.
As UV inhibited expression of p21 waf1 in UV irradiated cells, we wanted to assess the eect of UV irradiation on p21 waf1 expression in AdCMVp21 infected cells. Increased expression of p21 waf1 was not observed in AdCMVp21 infected NDF (Figure 5a ), however increased p21 waf1 expression was detected in Figure 3 Non-adherent UV irradiated ®broblasts are apoptotic and reduced in the level of p21 waf1 expression. (a) NDF (squares), XP-C (circles), CS-A (triangles), CS-B (down triangles) and XP-A (diamonds) ®broblasts were UV irradiated at the indicated UV uences. The number of detached and adherent cells were determined as described in the Materials and methods. Percent detachment was calculated as the number of cells in the medium compared to the total number of cells counted in both fractions. Each point represents the mean+s.e. of 5, 4, 2, 2 and 3 determinations for NDF, XP-C, CS-A, CS-B and XP-A ®broblasts, respectively. (b) Attached and detached NDF ®broblasts were collected separately 48 h following UV irradiation. Cell number was determined for each and an equivalent number of cells was used to assess p21 waf1 levels. Data is expressed relative to unirradiated controls collected at the same time and represents the mean+s.e. of two independent experiments for both detached cells and adherent cells L132 (lung epithelial cells), SKOV-3 (ovarian carcinoma) and 293 (Ad transformed human kidney cells) cells under these conditions (data not shown). Following UV irradiation of Ad5HCMVsp1lacZ infected NDF, a reduction in p21 waf1 expression following 30 J/m 2 was observed to a similar extent to that in uninfected cells and expression similarly recovered within 12 h (compare Figures 2 and 5b) . In contrast, the reduction in p21 (Figure 6a and b) . As apoptoic ®broblasts accumulate in the culture medium (Figure 3a) , these results suggest that disruption of the p53/p21 waf1 /pRb pathway by SV40LT expression (Quartin et al., 1994) and E2F-1 overexpression (DeGregori et al., 1995a,b) sensitizes cells to UV induced apoptosis suggesting that at least a portion of the eect on clonogenic survival can be accounted for by increased apoptosis.
Discussion
UV inhibits P21
waf1 expression following high UV¯uence
Using both Western blotting and a quantitative p21 waf1 ELISA assay, we have con®rmed that the p53 response can be triggered by lower UV¯uences in diploid ®broblasts defective in removal of transcription blocking UV dimers (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) . XP-A and CS-A ®broblasts do not recover RNA synthesis eciently following exposure to UV (Mayne and Lehmann, 1982; Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) . In constrast, NDF and XP-C ®broblasts eciently recovery RNA synthesis following exposure to low doses of UV (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996; Zhang et al., submitted manuscript) . XP-A and CS-A ®broblasts, but not NDF and XP-C cells, accumulate p53, p21 waf1 and bax following a UV exposure of 5 J/m 2 . Recovery of RNA synthesis at low UV¯uences is thought to remove the trigger for p53 accumulation following UV ence whereas infection with the AdCMVp21 construct (circles in b) led to a dose dependent increase in the mean relative survival. Each point represents the mean+s.e. determined from at least three independent experiments performed in triplicate treatment and thus, higher UV¯uences are required to trigger p53 accumulation (this study; Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) .
Following exposure to higher UV¯uences, expression of the p53 regulated p21 waf1 and bax proteins is dependent on the TCR status of the cells despite accumulation of p53 in all cell types. Thus p21 waf1 and bax expression are both stimulated and inhibited by persistent UV dimers. This appears paradoxical, however the probability of sustaining UV induced DNA damage in a gene is proportional to gene size with a single lesion in the template strand of active genes sucient to inhibit the elongating RNAPII (Sauerbier and Hercules, 1978; Donahue et al., 1994) . Thus, expression of large genes is inhibited by lower UV¯uences than expression of small genes (Table 1) . UV inducible genes such as p21 waf1 (8.6 kb, GenBank accession no. Z58996) and bax (4.5 kb, estimated based on the size of the murine homolog, Oltvai et al., 1993) are relatively small and would thus be less likely to sustain transcription blocking DNA damage than larger genes (Table 1) . Therefore, although there is signi®cant inhibition of total mRNA synthesis follow- (Table 1) , leading to accumulation of p53, p21 waf1 and bax. mdm2 is induced in a p53 dependent manner and may act as a negative feedback regulator of p53 stability following DNA damage (reviewed in Ko and Prives, 1996) . Induction of bax and p21 waf1 occurs more eciently than the induction of mdm2 following UV treatment (Wu and Levine, 1997; Reinke and Lozano, 1997) . As mdm2 is thought to be signi®cantly larger than either bax or p21 waf1 (see Table 1 ), one would expect UV dimers to more greatly impede expression of mdm2, requiring additional time for complete repair of the template strand of the mdm2 gene. Delayed induction of mdm2 would permit transactivation of p53 responsive genes prior to feedback inhibition (Wu and Levine, 1997; Reinke and Lozano, 1997) . Thus, dierential regulation of p53 target genes by gene size can result from the direct eect of UV induced dimers on transcript elongation.
Higher UV treatments (30 and 50 J/m 2 ) would be expected to generate sucient UV dimers to block expression of both p21 waf1 and bax in most cells (Table  1) . Under these conditions, TCR was required to allow induction of p21 waf1 and bax following 30 J/m 2 at 24
and 36 h (Figures 1 and 2 ). Delayed induction of p53 regulated genes (Perry et al., 1993; Poon et al., 1996; Lu et al., 1996; Wu and Levine, 1997; Reinke and Lozano, 1997) and decreased expression of mdm2 (Wu and Levine, 1997) following high UV¯uences has been reported. We propose that delayed induction of p53 responsive genes results from incomplete repair of the template strand of these genes. Expression of p21 waf1 and bax as assessed by either Western blotting or ELISA assays re¯ects the total level of that protein in the collected cells and is therefore a re¯ection of both increased expression in cells without persistent damage and decreased expression in cells with persistent dimers in the p21 waf1 and bax genes. The proportion of each of these groups of cells at any given time depends upon the UV¯uence, the rate of TCR and time following irradiation.
A 50% reduction in p21 waf1 expression as assessed by ELISA was observed in all ®broblast strains between 4 and 8 h following UV¯uences of 30 or 50 J/m 2 . Inhibition of transcription (Sauerbier and Hercules, 1978; Donahue et al., 1994) coupled with a short half life for p21 waf1 (Poon et al., 1996) likely results in the rapid decrease in p21 waf1 levels at these UV¯uences. The time required for the recovery of p21 waf1 expression was inversely correlated with TCR and was consistent with the kinetics of TCR following these UV treatments (Mellon et al., 1987; Van Hoen et al., 1995) . The eciency of TCR decreases at higher UV uences (Van Hoen et al., 1995; Tu et al., 1997 ) therefore, one would expect dose dependent reduction in the ability to transcribe genes including p53 responsive genes. This is clearly demonstrated by the lack of mRNA synthesis recovery in NDF following exposure to 50 J/m 2 UV (Zhang et al., submitted manuscript). Inecient p21 waf1 induction at high UV uences would predict that ®broblasts would not eciently arrest in G 1 following these treatments.
The p53/p21 waf1 /pRb pathway is protective against UV irradiation Expression of p21 waf1 leads to inhibition of cdk activity ultimately preventing S phase progression by preventing expression of E2F responsive genes (Harper et al., 1993; reviewed in Beijersbergen and Bernards, 1996) . G 1 arrest in response to DNA damage or p53 overexpression is attenuated in cells with disruptions of either the p21 waf1 or pRb genes (Deng et al., 1995; Brugarolas et al., 1995; Polyak et al., 1996; Morgenbesser et al., 1994) . G 1 arrest mediated by expression of the cdk inhibitors, p21 waf1 , p27 kip1 or p16 ink4a can also be overcome by E2F-1 overexpression (DeGregori et al., 1995b) . Progression into S phase can be induced from G 0 arrest by either E2F-1 or E2F-4 overexpression (Shwarz et al., 1995; DeGregori et al., 1997) . Here, we demonstrated that disruption of the p53/p21 waf1 /pRb pathway by expression of either SV40LT or PyLT sensitized NDF to UV irradiation. Furthermore, expression of E2F-1 and E2F-4 which are normally inhibited by hypophosphorylated pRb conferred sensitivity to UV treatment. This is the ®rst report of sensitivity to a DNA damaging agent being conferred by E2F expression and these results implicate the pRb related proteins, p107 and p130 in UV protection since E2F-4 does not bind pRb (reviewed in Beijersbergen Figure 7 Model for the relationship between p53 and cellular responses to UV exposure. UV induced dimers lead to blockage of RNA polymerase II and the activation of p53. Upregulation of p53 responsive genes such as mdm2, bax and p21 waf1 (p21) can occur in response to p53 activation, however UV lesions block progression of RNA polymerase II. Transcription of large genes such as mdm2 is more likely to be blocked by UV lesions than transcription of small genes such as p21 waf1 or bax. Thus the relative abundance of p53 regulated gene products will depend on gene size, UV dose and TCR. P53 can stimulate DNA repair through an unknown mechanism (Smith et al., 1995; McKay et al., 1997a) . DNA repair, in particular TCR, is important for regulation of the p53 response. TCR preferentially removes transcription blocking DNA damage eliminating the lesions responsible for activation of p53 (Ljungman and Zhang, 1996; McKay et al., 1997b) . In addition, TCR removes lesions which impede transcription of p53 regulated genes. Transactivationdependent induction of apoptosis by p53 may be governed by the balance between expression of small genes such as bax and p21 waf1 (p21). Transactivation-independent functions (TIF) of p53 can contribute to p53 mediated apoptosis. High UV¯uences, which greatly inhibit transcription, would favour apoptosis in the absence of de novo transcription. Arrowheads indicate stimulatory eects whereas perpendicular bars represent inhibitory eects and Bernards, 1996). Furthermore, UV induced cell detachment was facilitated by infection with Ad constructs expressing E2F-1 and SV40LT. Taken together, these results suggest that overcoming functions of the pRb family of proteins leads to UV sensitivity and further suggests that G 1 arrest is protective against the induction of apoptosis by UV irradiation.
Several reports indicate that overexpression of either p21 waf1 (Gomez-Manzano et al., 1997; Gorospe et al., 1997) or pRb (Haupt et al., 1995b; Haas-Kogan et al., 1995) is protective against apoptosis induced in response to p53 overexpression or DNA damage. As p21 waf1 expression and pRb hypophosphorylation are both stimulated by p53 dependent signaling, p53 mediated G 1 arrest appears to be protective against p53 dependent apoptosis as recently suggested (Polyak et al., 1996) . As we observed a reduction in p21 waf1 expression following UV in a¯uence dependant manner, one would expect a¯uence dependent reduction in the antiapoptotic functions of both p21 waf1 and pRb. Infection of NDF with the AdCMVp21 construct conferred resistance to UV as assessed by clonogenic survival. A similar increase in UV survival has been reported in colon carcinoma cells expressing p21 waf1 from a tetracycline regulated promoter (Sheikh et al., 1997) . A decrease in clonogenic survival has been reported in p21 waf1 de®cient cells following treatment with UV (McDonald et al., 1996) , adriamycin , ionizing radiation , cisplatin (McDonald et al., 1996; Fan et al., 1997) and nitrogen mustard (Fan et al., 1997) suggesting that expression of p21 waf1 is protective against a variety of DNA damaging agents. Whereas p21 waf1 overexpression in a colon carcinoma cell line conferred resistance to UV treatment (Sheikh et al., 1997), we did not observe an increase in p21 waf1 expression within 48 h following infection of NDF with the AdCMVp21 construct although p21 waf1 accumulated under similar conditions in L132 (lung epithelial), SKOV-3 (ovarian carcinoma) and 293 (Ad transformed kidney) cells (data not shown). Increased expression of p21 waf1 was only observed in NDF under conditions where expression of the endogenous gene was suppressed by UV treatment. The size of the p21 waf1 transgene is less than 1/10 that of the endogenous primary p21 waf1 transcript and thus would not be expected to be inactivated at these UV doses. These results indicate that expression of the p21 waf1 transgene confers UV resistance without signi®cant induction of p21 waf1 but rather by eliminating thē uence dependent reduction in p21 waf1 expression. Thus, inecient transcription of antiapoptotic genes such as but not exclusive to p21 waf1 at high UV¯uence may favour induction of apoptosis in UV irradiated cells. In support of such a model are recent ®ndings using RNAPII inhibitors which induced cells to undergo apoptosis at doses which lead to a reduction in p21 waf1 protein levels (Zhang et al., submitted manuscript) .
The role of p21 waf1 in repair of UV induced DNA damage Altered sensitivity to DNA damaging agents (including UV) resulting from p21 waf1 disruption (McDonald et al., 1996; Waldman et al., 1996; Fan et al., 1997) correlates with reduced repair of carcinogen treated reporter genes. Also, forced expression of p21 waf1 leads to increased reactivation of UV damaged reporter constructs (Sheikh et al., 1997) . We and others have suggested the involvement of p53 in repair of UV induced DNA damage (Smith et al., 1995; Wang et al., 1995; Ford and Hanawalt, 1995; Mirzayans et al., 1996; McKay et al., 1997a,b) . Both TCR (McKay et al., 1997a) and GGR (Smith et al., 1995) appear to be inducible processes through p53 dependent mechanisms. Although the mechanism through which p53 regulates DNA repair is not clear, a role for transactivation of p53 regulated genes has been suggested (Smith et al., 1995) . The majority of CPD and 6-4PP are reportedly repaired from both the template and non template strands of the Ada gene within 8 h following 30 J/m 2 (Van Hoen et al., 1995) , however following this UV¯uence we observed a decrease in p21
waf1 expression for over 8 h suggesting that repair under these conditions occurred in the absence of p21 waf1 induction (Figure 2 ). Also, NER in ®broblasts is reportedly insensitive to cycloheximide treatment and is thus independent of de novo protein synthesis (Karentz and Cleaver, 1986; Carreau and Hunting, 1992) . Either, p21
waf1 expression is not rate limiting for NER in NDF or the level of p21 waf1 at the time of irradiation, but not accumulation of p21 waf1 protein following UV, is critical for NER.
Inhibition of mRNA synthesis following high UV¯uence favours apoptosis by a transactivation independent mechanism NDF are competent to undergo apoptosis (Ljungman and Zhang 1996; Zhang et al., submitted manuscript) but there are con¯icting reports of the ability of NDF to arrest in G 1 following moderate UV treatment (van Laar et al., 1995; de Laat et al., 1996; Poon et al., 1996) . UV induced G 1 arrest may occur in NDF treated with low UV¯uences (Kaufman and Wilson, 1994) , however XP-A ®broblasts do not have a distinct G 1 arrest at these UV¯uences (Imray et al., 1983) , despite increased sensitivity to p53 induction (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996;  this study). We suggest that G 1 arrest is not eciently induced following UV due to persistent DNA lesions in the transcribed strand of the p21 waf1 gene. Ionizing radiation induces a prolonged G 1 arrest in NDF coincident with induction of p21 waf1 (DiLeonardo et al., 1994) . Despite induction of p53, these cells are resistant to apoptosis (DiLeonardi et al., 1994; Ljungman and Zhang 1996; Zhang et al., submitted manuscript) . In contrast to UV, ionizing radiation, even up to 100 Gy, does not result in prolonged inhibition of mRNA synthesis (Zhang et al., submitted manuscript) . We suggest that transcription of G 1 arrest promoting genes is not inhibited by IR and thus ®broblasts undergo prolonged G 1 arrest, not apoptosis.
Transcriptional regulation of genes such as bax can induce apoptosis in some model systems (Miyashita and Reed, 1995 ) and transactivation appears to be required for p53 dependent apoptosis in Ad E1A expressing cell lines (Sabbatini et al., 1995) . As observed for p21 waf1 , bax expression required TCR following exposure to high UV¯uences. For this reason, bax would not be expected to be an ecient inducer of apoptosis following high UV treatments. Several observations suggest that p53 is capable of mediating apoptosis in the absence of transactivation of target genes. Overexpression of p53 can induce apoptosis in the presence of inhibitors of both transcription and translation (Caelles et al., 1994; Wagner et al., 1994) . Apoptosis can be induced by forced expression of mutant p53 which cannot induce transcription of p53 regulated genes (Caelles et al., 1994; Haupt et al., 1995a; Wang et al., 1996) . Pharmacological inhibition of transcription by several agents, which do not damage DNA, is sucient to induce both p53 and apoptosis in NDF (Zhang et al., submitted manuscript) . P21 waf1 accumulated in response to these agents at doses which inhibited total mRNA synthesis. However, apoptosis was strongly induced under conditions in which p21 waf1 expression was decreased, suggesting that these agents induced apoptosis both in the absence of de novo mRNA synthesis and under conditions where expression of antiapoptotic genes such as p21 waf1 is severely inhibited (Zhang et al., submitted manuscript) .
In vivo, p53 nullizygous mouse skin cells are resistent to UV induced apoptosis (Ziegler et al., 1994) . Human ®broblasts lacking wildtype p53 are less prone to undergo apoptosis following exposure to UV compared to heterozygous parental cells suggesting that UV induced apoptosis in NDF is enhanced by wildtype p53 (Ford and Hanawalt, 1995) . As p53 can facilitate apoptosis in the absence of transcription and translation (Caelles et al., 1994; Wagner et al., 1994) , p53 dependent apoptosis could occur in cells with transcription blocking DNA damage (Figure 7) . The ability to promote transcription of both anti-apoptotic and pro-apoptotic genes such as p21 waf1 and bax, would be inhibited by UV induced lesions. Thus, apoptosis likely occurs by transactivation independent means following high UV doses.
Materials and methods
Cells, viruses and UV treatments
Normal, XP-A (XP12BE and XP1W1), XP-C (XP2BE and XP8BE), CS-A (CS3BE) and CS-B (CS1AN) ®broblasts were obtained from the National Institute of General Medical Sciences repository (Camden, NJ). Repository reference numbers are GM38A, GM5509, GM1630, GM677, GM671, GM1856 and GM739, respectively. Another normal diploid ®broblast strain was provided by Dr M Davis (University of Michigan). 293 cells were obtained from Dr FL Graham (McMaster University). Cells were maintained in a-minimal essential medium supplemented with fetal calf serum together with penicillin (100 mg/ml), streptomycin (100 mg/ml) and amphotericin B (250 mg/ml) (Gibco BRL).
Replication defective recombinant adenoviruses Ad5HCMVsp1lacZ (Morsy et al., 1993) , AdSVR112 (Gluzman et al., 1982) , AdPyR39 (Massie et al., 1986) , Ad-E2F-1 (Schwartz et al., 1995), Ad-E2F-4 (DeGregori et al., 1997) and AdCMVp21 (Eastham et al., 1995) were obtained from Dr FL Graham (McMaster University), Dr JA Hassel (McMaster University), Dr JR Nevins (Duke University) and Dr TC Thompson (Baylor College of Medicine). All viruses were propagated and titred in 293 cells as previously reported (Graham and Prevec, 1991) . Viral titres are expressed as plaque forming units (p.f.u.) per ml. Viral infections were performed in 40 ml, 200 ml or 500 ml of serum free a-MEM for 96 well, 24 well and 6 well dishes, respectively. Viral suspensions were added to cell monolayers and incubated for 60 min at 378C to allow adsorption. Infected monolayers were returned to 378C following addition of prewarmed growth medium.
For UV treatment of cells, medium was replaced with 40 ml, 200 ml, 500 ml or 2000 ml phosphate buered saline (PBS: 140 mM NaCl, 2.5 mM KCL 10 mM Na 2 HPO 4 and 1.75 mM KH 2 PO 4 ) for 96, 24, 6 well dishes or 100 min dishes, respectively. Irradiation of cells was performed at room temperature at a¯uence rate of 1 J/m 2 /s from a germicidal lamp emitting predominantly at 254 nm (General Electric G8T5). Fluence rate was assessed with a UV meter (model J255, Ultraviolet products, San Gabriel, Ca). Cells were immediately refed with growth medium.
Apoptosis
Fibroblasts were seeded at 2.5610 5 cells per well of 6 well dishes. Twenty-four hours later, cells were UV irradiated. Experiments with recombinant viruses were performed separately, cells were allowed 24 h to seed prior to viral infection and were incubated an additional 24 h to allow transgene expression prior to UV irradiation. Following UV treatment, prewarmed growth medium was immediately replaced and cells were placed in a humidi®ed incubator for 72 h. Detached cells were collected from the growth medium by centrifugation whereas attached cells were rinsed in PBS, trypsinized and collected by centrifugation. Cells were resuspended in 100 ml PBS and cell number was determined by direct counting of both detached and adherent cells. The proportion of detached cells is expressed as the number of detached cells relative to the total number of cells.
Viability of cells was assessed by trypan blue exclusion for both attached and detached cells 72 hrs following UV irradiation. TUNEL staining was performed separately on detached and adherent cells. Cells were collected as above and ®xed for 30 min in 3% paraformaldehyde. TUNEL staining was performed according to the speci®cation of the manfacturer (cat. no. QIA 33, Oncogene Science, Cambridge, MA). The proportion of TUNEL positive cells was determined by counting a minimum of 200 cells for each treatment. The proportion of apoptotic cells is expressed as the number of TUNEL positive cells compared to the total number of cells counted.
Immunoblot analysis
Samples were collected as previously described (Ljungman and Zhang, 1996) . Proteins were separated in 12% (for p53) or 15% (for p21 waf1 and bax) SDS ± PAGE gels and transferred to Immobilon-P transfer membranes (Millipore). The antibodies used were anti-p53 (Ab-2, Oncogene Science), anti-p21 (C19, Santa Cruz) and anti-bax (N20, Santa Cruz). The enhanced chemiluminescent SuperSignal CL-HRP Substrate System (Pierce) and Biomax MR ®lm (Kodak) were used to visualize the proteins. Immunoblots were scanned using a¯atbed scanner and analysed with NIH image analysis software. Equal loading was con®rmed by Coomassie blue staining of Western blots following ®lm exposure.
ELISA
Cells were allowed to seed in 24 well dishes at 5610 4 cells per well for 24 h prior to either viral infection or UV irradiation. Cells infected with recombinant Ad constructs were allowed an additional 24 h for transgene expression prior to UV treatment. Cell lysis and p21 waf1 detection by ELISA was performed according to the speci®cations of the manufacturers (Cat. no. QIA 18, Oncogene Science, Cambridge, MA). Expression of p21 waf1 for UV irradiated samples was normalized to mockirradiated controls collected simultaneously. Expression of p21 waf1 from detached and attached ®broblasts, as collected above, was performed using 1610 5 cells determined by direct counting.
Clonogenic survival
Cells were seeded in 6 well dishes at 5610 5 cells per well. Infection or mock infection of cell monolayers was performed 24 h following seeding. Cells were allowed an additional 24 h to allow expression of the transgene. Cells were then seeded to low density (between 500 and 10 000 per 100 mm dish). Approximately 6 h following seeding to low density, medium was replaced with PBS and cells were irradiated at UV¯uences between 0 and 30 J/m 2 . Medium was immediately replaced and colonies were allowed to form for approximately 2 weeks. Colonies were stained with methylene blue (0.5% methylene in 70% ethanol) and colonies greater than 20 cells were counted. The surviving fraction was expressed as the relative seeding eciency of UV irradiated versus mock irradiated cultures.
